INTRODUCTION
============

Plants arose from an endosymbiotic event in which a fully differentiated eukaryotic cell engulfed a free-living cyanobacterium, which was subsequently 'domesticated' as a chloroplast ([@bib17]; [@bib18]). This process was not simply a mere merger of two autonomous cells, but a co-evolutionary process at the cellular level, involving gene transfer (e.g. [@bib40]) and rearrangement of cellular structures ([@bib31]). Consequently, chloroplasts divide by binary fission as bacterial cells do ([@bib30]; [@bib50]). Both processes rely on the protein FtsZ (filamentous temperature sensitive Z), a self-assembling GTPase that can form a contractile ring at the prospective division site ([@bib8]; [@bib9]; [@bib16]; [@bib48]; [@bib47]; [@bib65]; [@bib74]). It is now widely accepted that FtsZ is a prokaryotic homolog of the eukaryotic tubulin ([@bib13]; [@bib35]). In the plastid division complex, FtsZ interacts with ARC6, a descendant of a cyanobacterial cell division protein ([@bib71]), ARC5, a descendant of a protein involved in eukaryotic cell division ([@bib45]), and with PDV-proteins, which seem to be specific to land plants ([@bib44]).

While most bacteria encode one single FtsZ protein, plants harbor at least three different nuclear-encoded FtsZ proteins in two small protein families, FtsZ1 and FtsZ2. Phylogenetic analyses revealed that all plant FtsZ proteins can be traced back to their cyanobacterial ancestor and that the split into different families occurred in an ancestor of Viridiplantae ([@bib48]; [@bib54]). The existence of multiple FtsZ isoforms in a single plant immediately suggests that they may have different functions. In fact, FtsZ1 and FtsZ2 proteins can be discriminated by three features: (1) Plant FtsZ1 proteins share the serine residue found in the tubulin signature, whereas all plant FtsZ2 proteins have a threonine residue also found in bacterial FtsZ ([@bib12]). (2) FtsZ2 proteins possess a conserved C-terminal domain, which is absent in FtsZ1 proteins. In bacteria, this domain mediates interaction between FtsZ and other cell division proteins (e.g. [@bib36]). (3) FtsZ1 and FtsZ2 proteins differ in their biochemical properties and *in vivo* localization ([@bib11]). Evidence for the functional difference of the two families in flowering plants came from studies in *Arabidopsis thaliana*: while overexpression of At*ftsZ1-1* inhibited chloroplast division, slight overexpression of At*ftsZ2-1* did not affect the chloroplast division ([@bib64]) whereas strong overexpression of this gene impaired plastid division ([@bib41]). In addition, antisense lines of both genes exhibited strongly reduced chloroplast numbers per cell ([@bib48]). Furthermore, AtFtsZ1::GFP fusion proteins, but not those of the AtFtsZ2-family, were found not only in rings, but also in stromules ([@bib72]), stroma-filled tubules emanating from the chloroplast ([@bib29]).

Surprisingly, basal land plants encode a third FtsZ family, making the moss *Physcomitrella patens* currently the organism with the most different FtsZ proteins, namely five. This finding prompted us to change the nomenclature of the moss FtsZ isoforms ([@bib39]). While the PpFtsZ2-family was not affected, the former FtsZ1-2 is now referred to as FtsZ3, while the most recently found *ftsZ* gene encodes FtsZ1-2. This new nomenclature is used in the following text and differs from the nomenclature used in previous publications regarding FtsZ1-2 and FtsZ3. Similar to the situation in *A. thaliana*, both *P. patens* FtsZ1-isoforms are localized to rings in chloroplasts and surrounding the plastids and to long filaments in stromules. In addition, both moss FtsZ1-isoforms form filamentous networks inside the chloroplasts ([@bib19]; [@bib39]; [@bib66]). Both FtsZ2-isoforms of *P. patens* (PpFtsZ2-1, PpFtsZ2-2) are found as network-like structures in the plastids, suggesting that they act as components of a plastoskeleton that may ensure chloroplast shape and integrity ([@bib27]; [@bib57]). Similar to the situation in *A. thaliana*, however, PpFtsZ2 proteins are not found in stromules. The single member of the third FtsZ-family (PpFtsZ3), which has no ortholog in seed plants, is dually targeted to chloroplasts and to the cytosol in *P. patens*, localizing to ring-like structures in both compartments. As transient overexpression of this gene hampered cell and chloroplast division, it was suggested that this dually targeted protein may represent a molecular link between cell and organelle division in moss ([@bib28]). From studies using fluorescence energy transfer (FRET), it became evident that the different FtsZ isoforms specifically and in a hierarchical order interact *in vivo* in plastids and in the cytosol of *P. patens* ([@bib19]). It remained elusive, however, what the biological significance of these interactions might be.

In contrast to the situation in *A. thaliana*, the generation of loss-of-function mutants by targeted gene disruption is a straightforward approach in *P. patens* ([@bib55]). Consequently, targeted disruption of Pp*ftsZ2-1* proved the importance for FtsZ in chloroplast division ([@bib65]). It was, however, not clear until the complete genome of *P. patens* was sequenced ([@bib52]) that this moss encodes not only four, but five different FtsZ proteins ([@bib39]). Here, we report on the creation of a series of FtsZ deletion mutants, including single (ΔPp*ftsZ1-1*, ΔPp*ftsZ1-2*, ΔPp*ftsZ2-1*, ΔPp*ftsZ2-2*, and ΔPp*ftsZ3*), and double mutants (ΔPp*ftsZ1-1/1--2* and ΔPp*ftsZ2-1/2--2*). Their subsequent analysis revealed specific functions of the different FtsZ families, as well as the individual members of each family, not only in chloroplast division, but also in chloroplast shaping and in different cellular processes. These results are discussed from an evolutionary point of view, supporting the concept of a plastoskeleton and its functional integration into the cytoskeleton, at least in the moss *P. patens*.

RESULTS
=======

Generation of *ftsZ* Knockout Mutants
-------------------------------------

The nuclear genome of *P. patens* encodes five different *ftsZ* genes; two closely related paralogs in the FtsZ1 and FtsZ2 family, respectively, and a single member in the basal plant-specific FtsZ3 family ([Figure 1](#fig1){ref-type="fig"}; [@bib39]). Targeted gene knockout of *ftsZ2-1* was previously reported and proved the function of the encoded protein in chloroplast division ([@bib65]).

![Phylogenetic Relationships of the Eukaryotic FtsZ Family with a Special Focus on the Gene Family in *Physcomitrella patens* (Adapted from Tree Described in [@bib39]).\
Branch thickness indicates branch support as posterior probabilities. *Physcomitrella* FtsZ proteins are highlighted in gray. The tree is rooted using the archae-/eubacterial and mitochondrial FtsZs clade as outgroup (shown collapsed). To focus on phylogenetic relationships of the moss gene family, branches of the seed plant (Spermatophyta), red algal (Rhodophyta), and heterokont algal (stramenopiles) FtsZ subfamilies have been collapsed as well. Selmo, *Selaginella moellendorffii* (Lycopodiophyta); Marpo, *Marchantia polymorpha* (Marchantiophyta); Chlre, *Chlamydomonas reinhardtii* (Chlorophyta); Ostta, *Ostreococcus tauri* (Prasinophyceae); Ostlu, *Ostreococcus lucimarinus* (Prasinophyceae).](mplantssp076f01_lw){#fig1}

To unravel the functions of the other four FtsZ proteins, we generated single and double deletion mutants making use of *P. patens*' high rate of homologous recombination in its nuclear DNA. Knockout constructs comprising genomic *ftsZ* fragments interrupted by a selection cassette that confers resistance to either hygromycin or G418 were generated for *ftsZ1-1*, *ftsZ1-2*, *ftsZ3*, and *ftsZ2-2* ([Figure 2A and 2B](#fig2){ref-type="fig"}). The constructs were introduced into *P. patens* employing PEG-mediated transformation of isolated protoplasts. Several independent single and double knockout mutants were identified (see [Table 1](#tbl1){ref-type="table"} for an overview).

###### 

After Three Rounds of Selection on Medium Containing Antibiotics, Transgenic Plants Were Analyzed Via Direct PCR.

                                  Δ*ftsZ1-1*   Δ*ftsZ1-2*   Δ*ftsZ3*   Δ*ftsZ2-2*   Δ*ftsZ1-1/1--2*   Δ*ftsZ2-1/2--2*
  ------------------------------- ------------ ------------ ---------- ------------ ----------------- -----------------
  Direct PCR                      180          132          238        34           46                192
  Correct 5' and 3' integration   22\*         19\*         9          5            11\*              2
  Absence of WT transcript        4            7            9          5            5                 2

All plants with correct 5' and 3' integration of the knockout construct into the respective locus were further tested for absence of the *ftsZ* transcript via RT--PCR. \* RNA for subsequent RT--PCR analysis was extracted from only a subset of the plants.

![Generation and Molecular Analysis of *P. patens* Δ*ftsZ* Mutants.\
**(A)** Exemplary scheme of the generated knockout constructs (RE: restriction enzyme).\
**(B)** The genomic locus.\
**(C)** The altered structure of the genomic locus after integration of the knockout construct by homologous recombination. Primer pairs that were used for direct PCR plant screening are indicated as arrows and are listed in [Table 3](#tbl3){ref-type="table"} for the *ftsZ* knockouts.\
**(D--G, I--J)** RT--PCR analysis with gene-specific primers (see [Table 4](#tbl4){ref-type="table"}). As a control, RT--PCR was performed with primers C45fwd and C45rev, corresponding to the constitutively expressed gene for the ribosomal protein L21. The corresponding PCR-product is always shown in the lower panels.\
**(H)** In addition to RT--PCR, Northern blot analysis was performed for putative Δ*ftsZ2-2* mutants due to the presence of faint traces of transcript after RT--PCR. As a control for equal loading of RNA ethidium bromide stained 28S rRNA is shown (lower panel).](mplantssp076f02_ht){#fig2}

All plants were initially screened via direct PCR ([@bib60]) for disruption of the wild-type *ftsZ* locus as well as correct 5' and 3' integration of the construct with primers that bind outside of the introduced construct and inside the selection cassette ([Figure 2C](#fig2){ref-type="fig"} and [Supplemental Figure 1](http://mplant.oxfordjournals.org/cgi/content/full/ssp076/DC1)). From plants with positive results after direct PCR screening, protonema was grown in liquid cultures to obtain larger amounts of plant material for RNA isolation and subsequent RT--PCR analysis ([Figure 2D--2G and 2I--2J](#fig2){ref-type="fig"}). For putative Δ*ftsZ2-2*, an additional Northern blot was performed due to the presence of faint traces of transcript after RT--PCR that was most probably caused by unspecific binding of the primers to *ftsZ2-1* ([Figure 2H](#fig2){ref-type="fig"}). The confirmed deletion mutants were grown under standard conditions and subsequently compared to wild-type.

Phenotypic Analyses of Δ*ftsZ1* Mutants
---------------------------------------

The overall plant morphology of Δ*ftsZ1-1*, Δ*ftsZ1-2*, and Δ*ftsZ1-1/1--2* mutants did not differ from *P. patens* wild-type. Likewise, plant growth and development were not obviously different from the control. To investigate a possible involvement of *P. patens* FtsZ1 proteins in plastid division, chloroplast shape and numbers were compared between the deletion mutants and wild-type. In the latter chloronema cells harbored about 50 lens-shaped chloroplasts ([Figure 3A](#fig3){ref-type="fig"}). Interestingly, Δ*ftsZ1-1* mutants did not show altered chloroplast morphology or number ([Figure 3B](#fig3){ref-type="fig"}), while Δ*ftsZ1-2* mutants had enlarged plastids only in basal chloronema cells ([Figure 3C](#fig3){ref-type="fig"}). In contrast, the Δ*ftsZ1-1/1--2* double mutants displayed chloroplasts with drastically altered shapes in every cell and tissue type. In these mutants, chloroplasts were enlarged and elongated, with pointed poles. Most chloronema cells of these double gene knockout mutants contained three to five chloroplasts per cell only ([Figure 3D](#fig3){ref-type="fig"}). When compared to wild-type, the gametophores of these mutants appeared to be smaller ([Figure 3H](#fig3){ref-type="fig"}).

![Knockout of *ftsZ1* and *ftsZ2* Genes Affects Chloroplast Morphology.\
Protonema cells of **(A)** WT, **(B)** Δ*ftsZ1-1*, **(C)** Δ*ftsZ1-2*, **(D)** Δ*ftsZ1-1/1--2*, **(E)** Δ*ftsZ2-1*, **(F)** Δ*ftsZ2-2*, and **(G)** Δ*ftsZ2-1/2--2* mutants (scale bar  = 25 μm).\
**(H)** Gametophores of WT and of Δ*ftsZ1* and Δ*ftsZ2* mutants (scale bar  =  250 μm).\
Sector of a leaf of **(I)** WT and **(J)** Δ*ftsZ2-1/2--2* mutant (scale bar  =  50 μm).](mplantssp076f03_4c){#fig3}

Phenotypic Analyses of Δ*ftsZ2* Mutants
---------------------------------------

Re-examination of the previously published Δ*ftsZ2-1* mutants ([@bib65]) confirmed that they contained only one to three giant chloroplasts per cell ([Figure 3E](#fig3){ref-type="fig"}). In contrast, targeted deletion of the *ftsZ2-2* gene did not obviously affect shape or number of the plastids ([Figure 3F](#fig3){ref-type="fig"}). In contrast, the Δ*ftsZ2-1/2--2* double mutants harbored one to three macrochloroplasts in every cell ([Figure 3G](#fig3){ref-type="fig"}). Gametophores of these mutants were obviously shorter than in the wild-type ([Figure 3H](#fig3){ref-type="fig"}). In addition, the double mutant displayed altered leaf morphology, including irregular cell patterning throughout the leaves. While cells in leaves of wild-type, of Δ*ftsZ2-1* mutants, and of Δ*ftsZ2-2* mutants were regularly arranged in parallel to the midrib and possessed an approximately rectangular shape, cell shapes in the Δ*ftsZ2-1/2--2* double mutants were highly diverse, the leaves having also a distorted midrib and a disturbed cell arrangement ([Figure 3I and 3J](#fig3){ref-type="fig"}).

Phenotypic Analyses of Δ*ftsZ3* Mutants
---------------------------------------

Targeted knockout of the *ftsZ3* gene severely affected overall plant morphology. The leafy gametophores (the adult gametophytes) of Δ*ftsZ3* mutants were shorter, stunted, and more compact than those of wild-type ([Figure 4A](#fig4){ref-type="fig"}). The leaf cells of these mutants harbored a variety of unusual chloroplast numbers and shapes. In different cells of a single leaf, macrochloroplasts, enlarged plastids with finger-like outgrowths, and other irregularly shaped chloroplasts were observed ([Figure 4B](#fig4){ref-type="fig"}). The Δ*ftsZ3* mutants also displayed severe perturbations of leaf cell pattern while the overall shape of the leaves was only moderately altered when compared to wild-type ([Figures 4C](#fig4){ref-type="fig"}). Under standard growth conditions, the average length of wild-type gametophores was 3.3 mm, while mutant gametophores were reduced to 2.1--2.5 mm in length ([Figure 4D and 4E](#fig4){ref-type="fig"}). Further, deletion of the *ftsZ3* gene resulted in reduced lengths of the leaves themselves. While in wild-type, the average leaf was 1.2 mm long, the leaves of the deletion mutants were reduced to 0.8--1.1 mm in length ([Figure 4D and 4E](#fig4){ref-type="fig"}). In contrast, the gene deletion did not obviously affect the leaf width ([Figure 4E](#fig4){ref-type="fig"}).

![Knockout of *ftsZ3* Affects Plant and Chloroplast Morphology.\
**(A)** Wild-type and *ftsZ3* gametophyte (scale bars  =  1 mm).\
**(B)** Micrographs of leaf cells of the wild-type and Δ*ftsZ3* (scale bar  =  50 μm) under brightfield and UV-fluorescence.\
**(C)** Cell patterning in leaf cells of WT (upper panel) and Δ*ftsZ3* (lower panel). Cell walls were traced using graphical software.\
**(D)** Stereo and light microscope images of gametophores and leaves from WT and Δ*ftsZ3* grown in parallel under standard conditions for 4 weeks.\
**(E)** Measurement of gametophore and leaf dimensions. Columns represent the average length of gametophores (*n*  =  14) and length and width of leaves (*n*  =  20) grown on Knop medium for 4 weeks. Error bars indicate the absolute average deviation (AAD). Asterisks indicate significant differences between WT and Δ*ftsZ3* (*t*-test, *P* ≤ 0.001).](mplantssp076f04_4c){#fig4}

Light microscopy of the filamentous protonema tissues revealed highly unusual plastid morphologies in the Δ*ftsZ3* mutants: chloroplasts appeared as strongly enlarged or elongated, tubular, and rather thin structures ([Figure 5A](#fig5){ref-type="fig"}). However, transmission electron micrographs (TEM) showed that deletion of the *ftsZ3* gene did not affect the internal fine structure of the chloroplasts. Surprisingly, cell walls of the mutant were obviously thinner as compared to cell walls of wild-type *P. patens* ([Figure 5B](#fig5){ref-type="fig"}). Subsequently, we measured cell wall thickness at three different positions per thin section. These measurements revealed that cell walls of wild-type were, on average, 263 nm thick, whereas the cell walls in Δ*ftsZ3* mutants were reduced to about one-third (90 nm). This difference in cell wall thickness was significant, with *P* ≤ 0.001 ([Figure 5C](#fig5){ref-type="fig"}). In addition, chloronema cells of Δ*ftsZ3* mutants were significantly (*P* ≤ 0.001) thinner than those of wild-type ([Figure 5D](#fig5){ref-type="fig"}).

![Wide Range of Phenotypic Aberrations in Δ*ftsZ3* Mutants.\
**(A)** Micrographs of chloronema cells of the wild-type and Δ*ftsZ3* (scale bar  =  50 μm).\
**(B)** TEM images of protonema cell cross-sections as well as magnified images of chloroplasts and cell walls are shown. Cell walls are indicated by arrows (scale bar  =  1 μm).\
**(C)** Mean cell wall thickness for WT and Δ*ftsZ3*. Cell walls from protonema cells, embedded for TEM analysis 4 d after sub-culturing, were measured (WT: *n*  =  21; KO: *n*  =  24). Asterisks indicate significant differences between WT and mutant (*t*-test, *P* ≤ 0.001). Error bars indicate the AAD.\
**(D)** Mean width of chloronema cells 4 d after sub-culturing. Asterisks indicate significant differences between WT and mutants (*t*-test, *P* ≤ 0.001). Error bars indicate the AAD (*n*  =  71).\
**(E)** Caulonema cells of WT and Δ*ftsZ3*. Black arrows indicate the position of the cell walls (scale bar  =  50 μm).\
**(F)** Comparison of caulonema development in the dark between WT and Δ*ftsZ3*. Stereomicroscope images of protonema colonies, grown in the dark on Knop medium. Caulonema filaments are pointed out by white arrows. The gravity vector is indicated by a red arrow (scale bar  =  1 mm).\
**(G)** Biomass accumulation of WT and Δ*ftsZ3* mutants. Biomass accumulation is displayed as the culture density increasing over time. Liquid cultures were inoculated with 100 mg L^−1^ dry weight (day 0) and growth was monitored for a period of 12 d. Error bars indicate the AAD (*n*  =  2).](mplantssp076f05_4c){#fig5}

In wild-type *P. patens*, chloronema cells were cylindrically shaped, with their cross walls perpendicularly orientated with respect to the growth axis. They contained approximately 50 chloroplasts per cell. In the course of normal development, cell differentiation to another cell type, the caulonema, occurred. These caulonema cells originated from chloronema cells and were longer and thinner, with cross walls orientated obliquely to the growth axis. These caulonema cells harbored, on average, 19 chloroplasts, which were smaller than those found in chloronema cells ([Figure 5E](#fig5){ref-type="fig"}). Under standard growth conditions, Δ*ftsZ3* mutants did hardly develop any caulonema cells. Moreover, those few did not show wild-type characteristics ([Figure 5E](#fig5){ref-type="fig"}). As it has been reported that the addition of the phytohormone auxin ([@bib10]), as well as growth in the dark ([@bib68]), induces caulonema formation in *P. patens*, both treatments were applied separately in this study as well. In accordance with previous findings, wild-type *P. patens* showed numerous long, negatively gravitropic growing caulonema filaments under inductive conditions. The same conditions induced some caulonema filaments in the Δ*ftsZ3* mutants. These, however, were much shorter and less numerous than in wild-type and, furthermore, had lost their gravitropic response, as they grew in different directions ([Figure 5F](#fig5){ref-type="fig"}). In addition to that, a comparison of biomass accumulation in wild-type and Δ*ftsZ3* mutants, both inoculated with equal amounts of protonema, revealed growth retardation of the Δ*ftsZ3* mutants ([Figure 5G](#fig5){ref-type="fig"}).

*FtsZ* Transcript Levels in Wild-Type and *ftsZ* Deletion Mutants
-----------------------------------------------------------------

Our previous studies revealed a complex, well ordered network of FtsZ protein--protein interactions in *P. patens* ([@bib19]). Partial redundancy and co-regulatory effects between *ftsZ* genes in *P. patens* have been discussed but not studied at the transcript level by quantitative real-time PCR (qRT--PCR), so far. To this end, measurements of transcript levels from wild-type *P. patens* and the deletion mutants cultured as protonema under standard conditions for 2 weeks were performed. Dry weights of the cultures were adjusted to 150 mg L^−1^ each and the cultures were harvested 3 d after the last sub-cultivation at the same time of day. In addition to the five *ftsZ* genes, transcript abundances of the two constitutively expressed genes *l21* and *ef1α* were analyzed. Use of two reference genes and their mean Cp values for normalization enhanced reliability of qRT--PCR results according to [@bib69]. All transcript levels were measured and compared using ANOVA. Tukey\'s Honestly Significant Differences (HSD) was used to evaluate potentially significant differences in gene expression ([@bib67]).

In wild-type *P. patens*, we found significantly more *ftsZ1-2* transcripts than *ftsZ1-1* transcripts. Likewise, transcript abundances for *ftsZ2-1* were significantly higher than for *ftsZ2-2* ([Figure 6A](#fig6){ref-type="fig"}). Targeted deletion of one or two *ftsZ* genes affected transcript abundances of the others when compared to wild-type ([Figure 6B--6D](#fig6){ref-type="fig"}). Remarkably, transcript levels of *ftsZ1-1* were increased when a gene of the *ftsZ2* or *ftsZ3* family was deleted, whereas deletion of the *ftsZ1-2* gene did not affect *ftsZ1-1* transcript abundance. Similarly, transcript abundances of *ftsZ2-1* were most affected by deletion of any of the *ftsZ1* genes, but nearly not by deletion of *ftsZ2-2*. However, deletion of the *ftsZ1* genes led to reduced transcript levels of *ftsZ2-1*. In addition, deletion of *ftsZ1-2* and of *ftsZ2-1*, respectively, led to reduced transcript levels of *ftsZ3* ([Figure 6B--6D](#fig6){ref-type="fig"}).

![FtsZ Transcript Abundance in Wild-Type and in *ftsZ* Single and Double Knockout Mutants.\
**(A)** Relative expression level of all five *ftsZ* genes in wild-type. Asterisks indicate significant differences (ANOVA, Tukeys HSD, *P* \< 0.001) between two members of the same family.\
**(B--D)** Wild-type is set to 100% (black line) to depict relative expression levels of the single *ftsZ* in the mutants. The graphs are grouped by gene family: (B) FtsZ1, (C) FtsZ2, and (D) FtsZ3. Error bars indicate the standard deviation (*n*  =  3). Significant changes in transcript abundance in the wild-type (*t*-test, *P* \< 0.001) are indicated by an asterisk.](mplantssp076f06_lw){#fig6}

DISCUSSION
==========

The genome of the moss *P. patens* encodes five *ftsZ* genes that are members of three distinct subfamilies ([@bib39]). For flowering plants, only genes belonging to two of the *ftsZ* subfamilies have been found ([@bib48]). To investigate the function of those five moss *ftsZ* genes, single knockout mutants of all *P. patens ftsZ* genes and double knockout mutants for the *ftsZ1* and *ftsZ2* gene families were generated. Since it is puzzling in an evolutionary sense that the morphologically less complex bryophyte *P. patens* possesses an expanded complement of *ftsZ* genes as compared to flowering plants, our aim was also to identify functional differences to the previously published *A. thaliana* FtsZ proteins.

Possible Functions of FtsZ1 Proteins in *P. patens*
---------------------------------------------------

The *P. patens* proteins FtsZ1-1 and FtsZ1-2 share high sequence identity and are considered as paleologs ([@bib39]), namely they were derived from an ancient large-scale duplication event along the lineage leading to *Physcomitrella* ([@bib53]). The targeted deletion of *ftsZ1-1* did not lead to an aberrant chloroplast phenotype whereas Δ*ftsZ1-2* mutants possess enlarged plastids in basal zones of chloronema filaments. In contrast to the lens-shaped wild-type-like plastids observed in the single knockouts, *ΔftsZ1-1/1--2* double mutants showed altered plastid shape and size in every cell and tissue type. These findings suggest that PpFtsZ1-1 in interaction with PpFtsZ1-2 fulfils functions related to the maintenance of chloroplast shape. This function could be partially accomplished by FtsZ1-2 in the Δ*ftsZ1-1* mutants so that loss of the FtsZ1-1 protein did not have visible effects on moss plants. Such partial redundancy between two FtsZ proteins of the same subfamily was previously reported for the FtsZ2 proteins in *A. thaliana* ([@bib42]). From previous studies by [@bib19], it is known that PpFtsZ1-1 is localized to network structures inside the chloroplast and that it participates in the formation of the plastid division apparatus, thus being involved in chloroplast division.

The observed enlargement of chloroplasts in basal chloronema cells of Δ*ftsZ1-2* mutants revealed a role for PpFtsZ1 in controlling the size of plastids. Localization studies employing an *ftsZ1-2:gfp* fusion visualized the protein in network structures within the plastids and as a ring surrounding the middle of the organelle ([@bib39]). This ring might exert force on the chloroplast during the plastid division process. It could be shown for bacterial FtsZ that this protein is capable by itself and without the use of any interaction partner to generate a force that is sufficient to constrict liposomes ([@bib46]). Recently, also a mathematical model describing the FtsZ constriction forces responsible for *E. coli* cell division has been published ([@bib2]). Several explanations might account for the enlargement of chloroplasts observed in basal cells of Δ*ftsZ1-2* protonema filaments but not in younger cells/tip cells. Auxin gradients in *P. patens* protonema with highest auxin concentration in the tip cell and decreasing auxin levels in the basal cells have been reported previously ([@bib3]). Auxin, like gibberellins and brassinolides, promote preferential cell growth along the longitudinal axis, while other hormones induce expansion along the traverse axis ([@bib62]). Both protonemal cell types, chloronema and caulonema, expand by tip growth ([@bib43]), which is accompanied by substantial changes in the cytoskeleton ([@bib6]; [@bib23]; [@bib63]). The resulting physiological, biochemical, and structural gradients from dividing apical cells to non-dividing basal filament cells probably influence the formation of complexes between FtsZ and other interaction partners.

In contrast to *P. patens*, the *A. thaliana* genome encodes only one FtsZ1 protein. Expression inhibition of At*ftsZ1-1* reduced the number of chloroplasts in leaf cells ([@bib48]) while overproduction of the protein led to the formation of either strongly enlarged or long, narrow chloroplasts ([@bib64]). These observations led to the assumption that AtFtsZ1-1 is involved in chloroplast division. Based on the data obtained for both Pp*ftsZ1* single knockout mutants, both proteins have slightly different functions, but together are needed for chloroplast division. It would be intriguing to analyze plants with a different subset of FtsZ1 proteins, like *Nicotiana tabacum*, which encodes four FtsZ1 proteins. So far, it was shown that overexpression of Nt*ftsZ1-2* led to the formation of only one to three chloroplasts per mesophyll cell ([@bib24]).

To date, it is unknown whether, in plants, FtsZ protein amounts correlate to their transcript levels. Here, we found much higher *ftsZ1-2* transcript levels compared to *ftsZ1-1* transcript levels. If the ratio of transcripts reflects the protein level ratio, a disruption of *ftsZ1-2* will unbalance the FtsZ pools to a much larger extent than the disruption of *ftsZ1-1*, and thus would explain the more severe phenotype of the Δ*ftsZ1-2* mutants observed in this study. A similar effect of FtsZ pool sizes on the phenotype has been postulated based on the phenotypes of At*ftsZ2-1* mutants ([@bib42]). In *P. patens*, targeted deletion of either *ftsZ2* genes or the *ftsZ3* gene led to increased levels of preferentially the *ftsZ1-1* gene, which might reflect a central position of the FtsZ1-1 protein in the protein--protein interaction network.

Possible Functions of FtsZ2 in *P. patens*
------------------------------------------

Our re-examination of the Δ*ftsZ2-1* phenotype confirmed the conclusions from [@bib65] that FtsZ2-1 is important for chloroplast division in all gametophytic cells of *P. patens*. In contrast, targeted deletion of the *ftsZ2-2* gene in the present study did not obviously affect chloroplast shape or division. As with the *ftsZ1* genes, the double deletion of both *ftsZ2* genes gave synergistic effects: the Δ*ftsZ2-1/2--2* mutants did not only show macrochloroplasts, as described for Δ*ftsZ2-1*, but also had defects not obviously related to chloroplasts, namely aberrant leaf morphology and aberrant cell patterning in the leaves.

Both proteins, FtsZ2-1 and FtsZ2-2, were found in network-like structures in the chloroplast, suggesting that besides a cytoskeleton, a plastoskeleton may exist that helps to maintain plastid shape and integrity ([@bib27]). We here found that FtsZ2-2 function in the chloroplast can be substituted by FtsZ2-1. The inability of FtsZ2-2---despite the high sequence similarity of the two proteins---to compensate for loss of FtsZ2-1 might be due to proteins that specifically interact with FtsZ2-1 and that are necessary for the maintenance of plastid integrity. Alternatively, FtsZ2-2 cannot compensate for loss of FtsZ2-1 because the *ftsz2-1* gene is more highly expressed ([Figure 6](#fig6){ref-type="fig"}). The At*ftsZ2-2* mutant showed a relatively mild phenotype in comparison to ΔAt*ftsZ2-1*, although both proteins were reported to have biochemically equivalent functions within the FtsZ2 pool ([@bib42]). Hence, partial redundancy in the function of both FtsZ2 proteins seems to exist in *P. patens* and in *A. thaliana*. However, a network structure comparable to the plastoskeleton built by FtsZ2-1 and FtsZ2-2 in *P. patens* has not been described for *A. thaliana*.

As previously shown for the FtsZ1 family, knockout of the *ftsZ2* gene with the highest expression level (*ftsZ2-1*) resulted in the more dramatic phenotypic aberrations, probably as a result of more dramatic changes in the FtsZ2 protein pools. Nevertheless, cellular defects after double knockout of both *ftsZ2* genes were at first glance surprising, as these defects were not seen with other moss mutants with giant chloroplasts, such as in the Δ*ftsZ2-1* mutants. As plant FtsZ2 and FtsZ3 proteins have a C-terminal motif facilitating protein--protein interactions ([@bib38]; [@bib39]) like bacterial FtsZ have ([@bib20]; [@bib36]; [@bib73]), it seems plausible that depletion of both PpFtsZ2 isoforms in the double mutants affected interaction networks necessary for proper cytosolic functions. The most obvious explanation is a disturbed interaction with PpFtsZ3, which is dually targeted to plastids and to the cytosol in *P. patens* ([@bib28]), and which is interacting with PpFtsZ2-2 in wild-type moss ([@bib19]). Consequently, transcript levels of *ftsZ2-2* are reduced in the Δ*ftsZ3* mutants, but not in the other knockout mutants created here.

Possible Functions of FtsZ3 in *P. patens*
------------------------------------------

It was previously shown that expression of *ftsZ3:gfp* labeled plastidic as well as cytosolic rings in *P. patens* protoplasts, protonema cells, and leaf cells, indicating that this protein may be a molecular link between cell and chloroplast division in moss ([@bib28]).

The Δ*ftsZ3* mutants presented here possess giant chloroplasts with unusual shapes different from those observed in knockout mutants of the other *ftsZ* genes. However, especially the tubular macrochloroplasts in protonema cells matched the filamentous growth phenotype of *E. coli ftsZ* mutants ([@bib8]) very well, demonstrating its function in chloroplast division. Unable to divide, the chloroplasts were growing to enormous lengths and the presence of the other four FtsZ proteins prevented them, in accordance with their function in a plastoskeleton, from ballooning up.

In addition, and in accordance with the dual localization of FtsZ3 in moss, Δ*ftsZ3* mutants showed numerous phenotypic aberrations, such as retarded plant growth and development, decreased cell wall thickness, altered cell size and shape, and an impaired gravitropic response.

In contrast to our knowledge on cell patterning in *A. thaliana* epidermal tissue ([@bib33]), the analysis of cell patterning in moss leaves is just beginning ([@bib21]). The cellular defects observed here, however, reveal a role of cytosolic FtsZ3 in cell patterning of *Physcomitrella*. It remains to be elucidated whether PpFtsZ3 interacts with components of the cytoskeleton or is directly involved in cell shaping analogous to the involvement of bacterial FtsZ in *Caulobacter crescentus* where an FtsZ-dependent mode of peptidoglycan synthesis for cell elongation exists ([@bib1]). Interestingly, *P. patens* encodes nine homologs of genes related to the bacterial peptidoglycan synthesis pathway, while *A. thaliana* encodes only five of them ([@bib37]). Subsequent analyses of some of these genes revealed their functional differences between cyanobacteria, *P. patens*, and *A. thaliana* ([@bib15]), revealing evolutionary differences of these genes during land plant evolution, nicely explaining why β-lactam antibiotics inhibit division of bacteria and moss chloroplasts, but not the division of plastids in seed plants ([@bib26]; [@bib58]). Another evidence for the ancient function of PpFtsZ3 came from [@bib19], who reported that *E. coli* FtsZ can substitute PpFtsZ3 in its protein--protein interaction with PpFtsZ2-2 in *P. patens* cells.

Another striking feature of Δ*ftsZ3* mutants is their dramatically decreased cell wall thickness, which points to a disturbed transport of building materials (cellulose, hemicelluloses, and pectins) to the cell wall. It is known that cellulose is synthesized at the plasma membrane and that its deposition is guided by cortical microtubules ([@bib49]). Hemicellulose and pectins are synthesized in the Golgi apparatus and reach the growing cell wall via vesicle transport, which is based on actin filaments ([@bib5]). Thus, the cytoskeleton is crucial for cell wall assembly in plants. Similarly, however, FtsZ in physical interaction with MreB, the prokaryotic actin homolog, directs the insertion of new peptidoglycans into the side walls near the growing poles of *E. coli* ([@bib70]). To date, it is unclear whether PpFtsZ3 itself, or via interaction with the cytoskeleton, is facilitating cell wall formation in *P. patens*.

Both cell types of the moss protonema, chloronema and caulonema, grow via tip growth, like pollen tubes of seed plants. While chloronema does not grow in the dark, caulonema grows negatively gravitropic in the absence of light ([@bib7]). Surprisingly, protonema of Δ*ftsZ3* mutants seemed to consist of chloronema only. In the dark, however, caulonema started to develop, but, unlike the situation in wild-type, these cells did not follow the gravity vector. Moreover, the cross walls in the mutants did not show the oblique orientation that in wild-type moss is mediated by microtubules ([@bib56]). Likewise, gravity sensing in the moss protonema is restricted to the growing tip cells where starch-rich plastids trigger re-orientation of the cytoskeleton to initiate curvature of the growing cell ([@bib4]; [@bib59]; [@bib61]). Thus, both abnormalities argue in favor of a defective cytoskeleton in the Δ*ftsZ3* mutants, albeit a putative integration of ancient tubulin FtsZ3 into the classical cytoskeleton of *Physcomitrella* remains to be elucidated.

Up to now, *ftsZ3* genes have only been identified in the moss *P. patens* and in the lycophyte *Selaginella moellendorffii*, while flowering plants only encode FtsZ proteins of the FtsZ subfamilies 1 and 2. While Pp*ftsZ1*- and Pp*ftsZ2*-genes possess six introns, the Pp*ftsZ3* gene possesses only three introns. This 'more ancient' gene structure of Pp*ftsZ3* and the importance of its protein for cellular functions reveal its close relationship to its bacterial ancestor. As FtsZ3 not only is dually targeted to plastids and to the cytosol of *P. patens*, but also exerts specific functions in both compartments, it integrates the FtsZ1/FtsZ2-based plastoskeleton with the cytoskeleton in this species.

Although we here found several FtsZ functions to be similar between *P. patens* and *A. thaliana*, there were also striking differences. Given the about 450 million years of separate evolution between both plant species and the basal position mosses retained in land plant evolution ([@bib32]), it is plausible that the chloroplast division apparatus of mosses has retained more bacterial features than those of seed plants. Thus, our results are in good accordance with the elegant works of [@bib37] and [@bib15] demonstrating the importance of homologs of the bacterial Pbp and MurE for plastid division in *P. patens* (reviewed in [@bib58]).

Besides that, an involvement of the 'bacterial tubulin' FtsZ3 in cellular functions may have resulted in a moss-specific evolution of eukaryotic β-tubulins as described for *P. patens* by [@bib25]. Thus, the *ftsZ* gene family may not only serve as a model to study post-duplication evolution and the impact of redundancy, sub- and neofunctionalization, but may also be instructive to understand the evolution of the cytoskeleton in land plants.

METHODS
=======

Plant Material and Growth Conditions
------------------------------------

*P. patens* was cultured as described in [@bib65].

For the adjustment of dry weight in *P. patens*, 10 mL of liquid culture were removed prior to sub-culturing and filtered through gauze (Miracloth, Calbiochem, Schwalbach, Germany). The dry weight was determined after drying the sample for 2 h at 105°C.

Knockout mutants described in this study are deposited in the International Moss Stock Center with the accessions IMSC 40128--40149 (Δ*ftsZ1-1* (\#216), Δ*ftsZ1-2* (\#12, \#14, \#Q1), Δ*ftsZ1-1/1--2* (\#12, \#14, \#15, \#45, \#46), Δ*ftsZ3* (\#12, \#32, \#38, \#61, \#114), Δ*ftsZ2-1*, Δ*ftsZ2-2* (\#34, \#97, \#101, \#103, \#134), Δ*ftsZ2-1/2--2* (\#8, \#23). Mutant numbers as shown in text and figures are indicated in brackets.

Phenotypic Analysis
-------------------

To investigate the development of negatively gravitropic, dark-grown caulonema filaments, 5 μL droplets from liquid cultures with a dry weight of 100 mg L^−1^ were placed on solid Knop medium. Plates were sealed and placed in a climate chamber with standard conditions for 6 d. Subsequently, the plates were wrapped in tin foil and positioned vertically. Culturing under standard conditions was carried out for another 7 d. Single protonema colonies were examined with regard to the development of caulonema filaments. Pictures of representative colonies were taken.

For the determination of gametophore, leaf and cell dimensions as well as cell wall thickness, the LSM 5 image browser (Zeiss, Jena, Germany) was employed. Raw data were analyzed in Excel. Statistical evaluation was performed using SigmaPlot 9.0 (Systat Software GmbH, Erkrath, Germany). Statistical evaluation of the results was done via *t*-test. *P*-values smaller than 0.001 indicate significant differences between the two groups tested.

Knockout Constructs and Plant Transformation
--------------------------------------------

For generation of knockout constructs, genomic fragments of the *ftsZ* genes were amplified from *P. patens* genomic DNA, cloned into pCHR4-TOPO (Invitrogen, Karlsruhe, Germany) and selection cassettes were inserted into the linearized vectors (for details, see [Table 2](#tbl2){ref-type="table"}).

###### 

Primers for the Amplification of Genomic *ftsZ* Fragments Are Given as Pairs.

  Knockout construct                        Oligonucleotides (5′-3')      Selection cassette (insertion sites)   
  ----------------------------------------- ----------------------------- -------------------------------------- --
  *ftsZ1-1*                                 fwd: CTGCAGAAGTGGCGTGTTGAAG   nptII (*Cla*I-*Sal*I)                  
  rev: AGGCATCCGTCATCCCAGAATTC                                                                                   
  *ftsZ1-2*                                 fwd: ATGGGCTCTACGGCGAGGTT     hpt (*Hpa*I-*EcoR*V)                   
  rev: GAGGCAGCCTGAATTGCAGCT                                                                                     
  *ftsZ3*                                   fwd: ATGATCACGTGTAGGGTTTGG    nptII (*Age*I-*Hpa*I)                  
  rev: CGATGTTGACCTCGTGAAGAG                                                                                     
  *ftsZ2-2*                                 fwd: CAGGGTGAGCTCGCGAGTG      hpt (*Hind*III-*Bam*HI)                
  rev: TTTGGTACCCTGATGAAATCAAAACTAATACCAC                                                                        

Restriction sites flanking the selection cassettes are listed in brackets. nptII (neomycin phosphotransferase II) was amplified from pRT101neo (R. Strepp); hpt (hygromycin phosphotransferase) was amplified from pCAMBIA1305 ([@bib22]).

Protoplast isolation from *P. patens* protonema, transformation, and regeneration of stably transformed plants were performed as described previously ([@bib65]).

For the generation of *ftsZ1-1/1--2* double knockouts, a Δ*ftsZ1-1* mutant was transformed with the knockout construct for *ftsZ1-2*. For the generation of *ftsZ2-1/2--2* double knockouts, the already existing Δ*ftsZ2-1* mutant was transformed with the knockout construct for *ftsZ2-2*.

Plant Screening
---------------

Plants were screened for disruption of the respective *ftsZ* locus and correct 5' and 3' integration of the knockout construct via direct PCR ([Supplemental Figure 1](http://mplant.oxfordjournals.org/cgi/content/full/ssp076/DC1)) ([@bib60]). Primers used for the analysis are listed in [Table 3](#tbl3){ref-type="table"}.

###### 

Primers for PCR Screens of Putative *ftsZ* Knockout Plants.

  Gene        Screen   Oligonucleotides (5′-3')
  ----------- -------- ------------------------------
  *ftsZ1-1*   WT       fwd: ATCGCGTTCAAATCGGCGAAG
                       rev: CTTTCAAGCCTGGGCTTAACCA
              5'       fwd: AGACGGTTTGTAGATGGCG
                       rev: TGTCGTGCTCCACCATGTT
              3'       fwd: GTTGAGCATATAAGAAAC
                       rev: CTGTTACAATCTGCATCA
  *ftsZ1-2*   WT       fwd: GCGTCGGCACGGTCTGTGTAT
                       rev: CGCGATGTTGGGCTTGTG
              5'       fwd: GCGTAGCCTTTGCAGTAC
                       rev: ATAGTGACCTTAGGCGAC
              3'       fwd: TTAACATGTAATGCATGACG
                       rev: CTGAGATACAGTATTCACTTC
  *ftsZ3*     WT       fwd: TTGGACAGGACACGACAGCCGGC
                       rev: GCTCCTGAACCAGTACCGCCACC
              5'       fwd: AACCTTGTGGACGACTGTG
                       rev: TGTCGTGCTCCACCATGTT
              3'       fwd: GTTGAGCATATAAGAAACCC
                       rev: CCAGCTTTGAGTACAGGCTT
  *ftsZ2-2*   5'       fwd: ATGGCGCTGTTAGGCAGTC
                       rev: ATAGTGACCTTAGGCGAC
              3'       fwd: TTAACATGTAATGCATGACG
                       rev: TCATTAAGTCTGCCACTCC

WT: PCR product can only be synthesized in the wild-type due to primer binding either in a deleted region or flanking the selection cassette, thus yielding a large product that cannot be amplified. 5' and 3': primer pairs bind outside the knockout construct and inside the selection cassette, thus proving correct integration at the genomic locus.

RT--PCR
-------

After RNA-isolation using Trizol reagent (Invitrogen, Karlsruhe, Germany) and cDNA synthesis from 2 μg total RNA using Superscript III Reverse Transcriptase (Invitrogen, Karlsruhe, Germany), RT--PCR was performed to show the absence of the respective *ftsZ* transcript in the knockout plants. Primers used for the analysis are listed in [Table 4](#tbl4){ref-type="table"}. Primers for the constitutively expressed ribosomal gene *l21* were used as control.

###### 

Primers for RT--PCR Analysis of Putative *ftsZ* Knockout Plants.

  Gene        Oligonucleotides (5′-3')
  ----------- ------------------------------
  *ftsZ1-1*   fwd: ATGATGAGCTCCATGGTGAG
              rev: TCAGACACGGTGTTGACTTC
  *ftsZ1-2*   fwd: ATGGGCTCTACGGCGAGGTT
              rev: GAGGCAGCCTGAATTGCAGCT
  *ftsZ3*     fwd: TTGGACAGGACACGACAGCCGGC
              rev: CAGTGTCAGCCGCATGGCGCATG
  *ftsZ2-2*   fwd: TCATTGCTGGTGTAGCGAA
              rev: ATCGTAGAGCTATTGCCAC
  *L21*       fwd: GGTTGGTCATGGGTTGCG
              rev: GAGGTCAACTGTCTCGCC

Quantitative Real-Time PCR
--------------------------

For qRT--PCR analysis, RNA was extracted using Trizol reagent (Invitrogen, Karlsruhe, Germany) and purified using RNeasy columns (Qiagen, Hilden, Germany). An additional DNase I (Fermentas, St Leon-Rot, Germany) digestion was performed after RNA cleanup. Samples were reverse-transcribed into first-strand cDNA using Taq Man Reverse Transcription Reagents (Applied Biosystems, Darmstadt, Germany). Then, PCR was carried out using gene-specific primers ([Table 5](#tbl5){ref-type="table"}) and LightCycler® 480 SYBR Green I Master (Roche, Mannheim, Germany) with a Roche 480 Light Cycler following the manufacturer\'s instructions. *EF1α* and *L21* were used as reference genes to normalize for variation in the amount of cDNA template. Each real-time PCR experiment contained three technical replicates using 50 ng of cDNA in a total volume of 20 μl. Melting curve analysis for validation of the PCR reaction was carried out routinely. *FtsZ* expression levels were calculated relative to wild-type transcript abundance employing relative quantification with efficiency correction ([@bib34]; [@bib51]).

###### 

Primers for qRT--PCR Analysis of *ftsZ* Transcript Abundance in Wild-Type and *ftsZ* Single and Double Knockout Plants.

  Gene        Oligonucleotides (5′-3')
  ----------- ----------------------------
  *ftsZ1-1*   fwd: CGTTTCTAGGTCGGAGAGGC
              rev: ACGAAATCTTGATGAGGTGGG
  *ftsZ1-2*   fwd: ATGGGCTCTACGGCGAGGTT
              rev: TACCGAGCCTACTCTCCGCTC
  *ftsZ3*     fwd: GAGCTTTCGATGGCACTTGA
              rev: TTGTCGAGCTCGGGTGAAC
  *ftsZ2-1*   fwd: GTTGTTTAGTGGGTGCTCGG
              rev: GGGGTTCACATCGCAAAGG
  *ftsZ2-2*   fwd: TGCCATTCAGTCTCCATTGTT
              rev: TTGCATACTGCATACTCCGTG
  *EF1α*      fwd: CGACGCCCCTGGACATC
              rev: CCTGCGAGGTTCCCGTAA
  *L21*       fwd: GGTTGGTCATGGGTTGCG
              rev: GACCTCAACTGTCTCGCC

ANOVA of wild-type transcript levels in protonemata was performed using the functions *aov*, *lm*, *anova*, and *TukeyHSD* implemented in R 2.4.1 ([@bib67]). Significance was inferred assuming a 99% confidence interval.

Northern Blotting
-----------------

RNA blot hybridization was carried out as described ([@bib14]) with a radioactively labeled *ftsZ2-2* cDNA probe that was amplified using the primers 5′-AAGGTAGTACAAATGGGATGGC-3′ and 5′-TCATTAAGTCTGCCACTCCAC-3′.

Microscopic Observations
------------------------

Bright-field images of cells were taken with a charge-coupled device (CCD) camera (AxioCam MRc5 or ICc1, Zeiss, Jena, Germany) under microscope Axioplan and Stemi 2000C (Zeiss, Jena, Germany). Electron microscopy of protonema cells was carried out at the CM 10 (Philips, Hamburg, Germany) at 60 kV.

Accession Numbers
-----------------

Sequence data from this article can be found in the GenBank data libraries under accession numbers as follows: FtsZ1-1 XM_001780186 (Phypa_196781); FtsZ2-1 XM_001765901 (Phypa_212480); FtsZ3 XM_001765160 (Phypa_211907); FtsZ2-2 XM_001766723 (Phypa_185873); FtsZ1-2 XM_001769006 (Phypa_187670). *P. patens* gene models are given in brackets.
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[Supplementary Data](http://mplant.oxfordjournals.org/cgi/content/full/ssp076/DC1) are available at *Molecular Plant Online.*
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